: A general purpose instrument for imaging of Cherenkov light or fluorescence light emitted by extensive air showers is presented. Its refractive optics allows for a compact and lightweight design with a wide field-of-view of 12°. The optical system features a 0.5 m diameter Fresnel lens and a camera with 61 pixels composed of Winston cones and large-sized 6 × 6 mm 2 photo sensors. As photo sensors, semi conductor light sensors (SiPMs) are utilized. The camera provides a high photon detection efficiency together with robust operation. The enclosed optics permit operation in regions of harsh environmental conditions. The low price of the telescope allows the production of a large number of telescopes and the application of the instrument in various projects, such as FAMOUS for the Pierre Auger Observatory, HAWC's Eye for HAWC or IceAct for IceCube. In this paper the novel design of this telescope and first measurements are presented.
Introduction
One main goal of modern astro-particle physics is the measurement of charged cosmic-rays and photons that reach Earth from outer space. With increasing energy, the flux of these particles is decreasing rapidly and direct particle detection would require large detection areas outside of the Earth's atmosphere. Therefore, the indirect detection of cascades from secondary particles that form extensive air showers in the Earth's atmosphere becomes relevant. This technique provides large detection areas that increase with energy, where the measured properties of the extensive air showers reflect the properties of the primary particle.
Particularly interesting is the measurement of optical and near optical light that is emitted from this particle cascades allowing observations far away from the cascades. When relativistic secondary particles of an air shower advance through the Earth's atmosphere, they emit Cherenkov light and trigger the emission of fluorescence light. Experiments detecting this light emission have been carried out for more than 60 years [1, 2] .
Fluorescence light
The excitation of air molecules by the charged particles of an air shower is followed by the isotropic emission of a few fluorescence photons per meter track length. Its emission spectrum is dominated by line emission of molecular Nitrogen between 280 nm and 440 nm [3] . Its isotropic emission allows the observation of the fluorescence light from all viewing directions but decreases the photon intensity correspondingly.
First attempts by Japanese and US groups to detect fluorescence light from air showers were successful in the early 1970s [1] . This led to large scale experiments such as Fly's Eye [4] and HiRes [5] and eventually to the fluorescence detectors as part of the Pierre Auger Observatory [6] and the Telescope Array [7] . This technology shares a significant fraction in the successful measurements of ultra-high energy cosmic rays.
Cherenkov light Each relativistic charged particle in the atmosphere with refractive index n and a velocity v > c/n generates Cherenkov photons [8] . A large number of high energy electrons in air showers fulfill this condition. The emitted photons are aligned with the direction of the particle with an opening angle θ given by cos(θ) = 1/(βn) [9] .
For highly relativistic particles (β → 1) and a refractive index of air at sea level (n = 1.0003) the opening angle reaches its maximum of θ ∼ 1.4°. The wavelength-spectrum of air-Cherenkov photons is continuously decreasing with dn/dλ ∝ λ −2 [9] . This yields an emission of roughly a photon per centimeter track length. The absorption of UV light through air molecules leads to a lower cut-off in the near-UV between 300 nm to 350 nm [4] . Unlike the largely isotropic emission of fluorescence light, the emission into a small solid angle of less than ∼10 −3 sr results into a higher photon intensity, if the observer is located within the Cherenkov cone. Therefore, a significantly smaller detection threshold can be achieved by viewing into the direction of the shower. The solid angle from which the emission can be detected is reduced respectively.
Cherenkov light from air-showers is used to image these showers using optical telescopes known as imaging air-Cherenkov telescopes.
With the first detection of a gamma-ray source at TeV energies through the emission of Cherenkov light, the Whipple 10 m telescope [10] has opened a whole new field, eventually leading to todays high precision instruments H.E.S.S. [11] , MAGIC [12] and VERITAS [13] . As of today, in total more than two hundred sources have been detected to emit very high energy gammarays [14] . In October 2011, the First G-APD Cherenkov Telescope (FACT, [42] ) utilized for the first time a camera based on semi-conductor photo sensors (SiPMs) and benefited from it. The ongoing construction of the Cherenkov Telescope Array (CTA, [15] ) comprising telescopes with SiPMs underlines the success of the imaging air-Cherenkov technique in general and the successful application of SiPMs in particular.
Comparison In both cases, the light emission is dominated by the high energy electrons of the shower. This number scales almost linearly with the energy of the primary particles, and it also depends on the type of the primary particle, the altitude of the shower maximum and other atmospheric and operational conditions. Maximizing the light collection efficiency minimizes the energy threshold if done in a way that the signal-to-noise ratio decreases. A limiting factor is the level of diffuse ambient light from the night-sky. Consequently, both detection methods favor cameras sensitive to single photons. One way to suppress the ambient light is to minimize the possible integration times of the signal.
The observation of fluorescence light from the side allows for a larger field-of-view than the observation of Cherenkov light where the limited opening angle naturally limits the visible image to a few degrees. The optimization of the optics suited for both measurements needs to find a compromise for these different requirements. While for fluorescence light a field-of-view of typically 15°or more is required, the imaging air-Cherenkov technique is satisfied with around 4°. Images of fluorescence showers typically extend over more than 10°, images in imaging airCherenkov telescopes have extensions in the order of a degree. The latter renders pixel sizes of sub-degree necessary if the image itself is required to determine the properties of the primary particle and for background suppression. If, for example, the combination with an extensive airshower array eliminates the need for a precise description of the image, the pixel size can be larger. The same applies for showers at PeV energies where image extensions easily exceed one degree. The presented telescope is a compromise in terms of optics between both techniques suited for the application at TeV energies in coincidence with an extensive air-shower array or as fluorescence telescope.
A similar compromise has to be found in terms of data acquisition for similar geometrical reasons. The minimum required sampling frequency is only determined by the duration of the pulse produced by the light-sensor. In case of a long input signal, a lower sampling frequency can be chosen. While fluorescence telescopes usually work with sampling frequencies of a few hundred mega-samples per second, imaging air-Cherenkov telescope require GHz sampling frequencies to sample the exceptionally short flashes of air-showers. In general, sampling at GHz frequencies works for both techniques. The Cherenkov photons, directed towards an observer, arrive within a few nanoseconds. The arrival times of fluorescence photons can last for a micro-second or more, when the shower is viewed from the side. Consequently, for fluorescence showers, the accessible sampling depth must be significantly larger. These considerations also influence the ideal trigger logic for both cases. A sum-trigger with a small patch size should provide an excellent compromise for both cases.
The telescope
The presented telescope design implements a large field-of-view optimized for fluorescence light detection and a data acquisition with GHz sampling speed optimized for Cherenkov light detection. The concept is sketched in Fig. 1 . The refractive optics is based on a Fresnel lens with an aperture of 0.24 m 2 . The camera has 61 pixels with a field-of-view of about 1.5°each, resulting in a total field-of-view of 12°. To lower the energy threshold for the detection of air showers, a future increase of the aperture at still moderate cost is not prohibited by the current design. The box on the left contains the data acquisition electronics, the box below the tube contains the camera and the power supply.
Each pixel uses a non-imaging light-guide to increase the sensitive area of each photo sensor. Semi-conductor photo sensors (SiPM) are preferred to classical photo-multiplier tubes (PMT). Today's UV-optimized SiPMs with a p-on-n silicon process offer photo detection efficiencies from 250 nm to almost 1000 nm [e.g. 17]. They are tolerant against illumination with bright light allowing for a high duty cycle even under bright light conditions such as moonlit nights [18] . This leads to an instrument suitable for simple handling and robust operation. The application of typical voltages between 30 V to 100 V as compared to kilo-volts when using classical photo multipliers, simplifies the operation and reduces costs.
The combination of the Fresnel lens and SiPMs allows a small, light-weight, and enclosed design. This reduces costs but also protects the camera which increases the robustness allowing operation under extreme environmental conditions. Due to its light-weight design (<32 kg including mechanics, optics, and electronics) it can be transported and installed easily, enhancing the operational and logistical flexibility. The total price of a fully operational instrument including mechanics, camera, data acquisition and slow control is only at the level of e 10 000 (excl. VAT) for the current prototypes. Prices are reduced further, once larger quantities are produced or less expensive components are selected.
The instrument was initially developed as a demonstrator for the application of semi-conductor photo sensors (SiPM) in fluorescence telescopes in the context of AugerNext [19, 20] and became known as the FAMOUS1 telescope [16, 21] . During the development, it became apparent that the telescope serves equally well, if not better, as a detector for air-Cherenkov light. Due to its small, low-cost and robust design, the telescope is suitable for a large number of applications. The application of hybrid detection of ultra-high energy air-showers allows for the cross-calibration of the energy scale of surfaces detectors in the Pierre Auger Observatory [22] . As HAWC's Eye [23] it has been proposed as the first hybrid detector for Cherenkov light extending the High Altitude WaterCherenkov Observatory (HAWC, [24] ) to improve its absolute energy calibration and resolution [23] . The system has also been proposed as the IceAct [25] surface extension of IceCube [26] . Here, the goal is to calibrate the directional resolution and detection efficiency of the IceCube and IceTop detectors, to improve cosmic ray composition measurements [27] and to provide cosmic ray vetoing for neutrino observations [28] . As another important application, its compactness, price, and easy and safe handling make this instrument ideal for the use in lab courses to educate students in astroparticle physics or as an outreach instrument. Such a lab course is currently under development for our university.
The following chapters will discuss the mechanics, the optics, the data acquisition and slow control electronics, and the software of a first operating demonstrator instrument in details. Finally, first successful measurements in Aachen (Germany) are presented as a proof of concept.
Mechanical Structure
The main elements of the telescope system are the lens, the tube barrel, the focal plane with the camera and the enclosure behind the camera housing the electronics. An overview of the system is shown in Fig. 2 .
The cylindric tube of the telescope has a diameter of 568 mm, a length of 498 mm and 6 mm wall thickness. It is made out of light-weight carbon compound material to reduce weight (15 kg) and cost (e 200). One side holds the Fresnel lens where a plastic clamping ring is used to fix the lens. Black velour adhesive foil is used as diffusive inlay on the inner surfaces of the tube to reduce the sensitivity to stray light. A lid can be used to cover the aperture and thus protect the lens from weather conditions and shield the SiPMs on the focal plane from external light. The focal plane is mounted at a distance of one focal length from the lens on the other end of the tube. An enclosure is mounted behind the focal plane to provide protection of the focal plane against environmental water and to support the read-out electronics.
The choice of mount depends on the application. If star tracking is required, its low weight allows to utilize a regular commercial telescope mount.
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Optics
In the following, the optical components of the system are described: lens and camera with light concentrators, filters and light sensors. The optical sensitivity curves of these components are summarized in Fig. 3 . A full GEANT 4-based [34] description of the optical system is developed [20] and is used for simulation studies.
Fresnel lens
The light-focusing element of the telescope is a Fresnel lens made of UV-transparent Polymethyl methacrylate (PMMA) and is manufactured by ORAFOL Fresnel Optics GmbH [35] . The small thickness (2.5 mm) of the lens due to the Fresnel technique significantly reduces its weight and transmission loss compared to plano-convex lenses. Fig. 3 shows the transmittance versus wavelength of the Fresnel lens material. The transmittance of the PMMA used here (PMMA-8N, refractive index 1.53 at 300 nm and relative dispersion 58) exceeds 90% in the near UV above 300 nm including surface reflections and is thus ideally suited for the detection of atmospheric Cherenkov and fluorescence light. The current geometrical implementation of the grooves of the Fresnel lens leads to a total transmission of about 50 % [36] for vertically incident light. This is due to a commercial design not optimized for the current use case and can be improved by a dedicated design [37] .
The diameter of the light-focusing area is 549.7 mm. According to the manufacturer, the focal length is 502.1 mm for perpendicular photons at (546±27) nm. This results in F/D ∼ 1.1 which is ideal for wide field-of-view telescopes as image distortion significantly increases for larger apertures [40] . Ten grooves per millimeter cover the surface of the lens providing the required imaging quality of 90 % light contained in one pixel. The point-spread-function was measured for incident angles of up to ±12°. [29] , SiPM photo detection efficiency (dotted) [30] and transmittance of UG 11 UV bandpass filter glasses (dashed-dotted) [31] together with the folded combination of all three components. Right: Folded combination spectrum together with the spectra of air-Cherenkov light (dashed, at 2200 m above sea level with O 2 and O 3 absorption) [32] and fluorescence emission (dotted) [33] . Figure 4: A measurement of the aberration radius vs. lens-to-camera distance for incident angles from 0°up to ±12°. The telescope is optimized for incident angles up to ±6°yielding a pointspread-function smaller than the radius of one pixel, i.e. 6.71 mm, for the nominal focal length of 502.1 mm. Measured at a wavelength of 550 nm. Taken from [16] .
of the light intensity as a function of the lens-to-camera distance for different incident angles. For a distance of approximately 508 mm incident angles up to the nominal field-of-view of ±6°, the aberration radius is smaller than the radius (6.7 mm) of the light concentrator of each pixel. This defines the nominal camera-to-lens distance for the design of the optical system. This measurement is in good agreement with values obtained by simulations, see [16] .
The Camera
The camera (see Fig. 5 ) consists of 61 active pixels. Each pixel uses one 6 × 6 mm 2 semi-conductor photo sensor. All photo sensors are mounted on a single printed circuit board (PCB). A light concentrator is mounted in front of each sensor to increase the light collection area.
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Light concentrators and filters
To increase the sensitive area of the photo sensors, and to match them to the size of the aberration spot, light concentrators are used. These are hollow Winston Cones [38] with entrance and exit radii of 6.71 mm and 3.00 mm, respectively. This leads to a maximum acceptance angle of 26.6°. The rotational symmetric design of a Winston Cone was chosen for reasons of simplicity in the initial production of the demonstrator. Follow-up studies [39] have shown that a substantial improvement of a factor 1.6 of the light collection can be achieved with hexagonal-to-quadratic solid light concentrators keeping the remaining geometry identical. This optimizes the fill factor for the hexagonal camera layout and reflects the quadratic photo sensitive area. A comprehensive review on a further optimization of an optical system including light-collectors can be found in [40] .
All cones are made from aluminum that has been milled and then polished on the optical side to perform well in the near ultra-violet range with an efficiency of more than 90 % (ideal aluminum) [41] . The wall thickness of the aluminum at the entrance side is 0.69 mm. The minimum wall-to-wall distance between neighboring cones is 0.20 mm increasing the dead space between the pixels but reducing complexity of the installation of the camera.
The Winston Cones are glued to an aluminum support frame and offer sockets for the light sensors. This simplifies the adjustment of the cones on the sensors since all sensors are mounted on a single PCB (see Fig. 5, left ).
An additional, 1 mm thick Schott UG 11 [31] UV-pass filter with a size of 6 × 6 mm 2 can be mounted in front of the photo sensors to improve the signal-to-noise ratio above 400 nm for the detection of fluorescence light by blocking a significant amount of the night sky ambient light. All components perform well in the near UV. Their transmittance curves are shown in Fig. 3. 
Photo sensors
As photo sensors, Silicon photo-multipliers (SiPMs) have been chosen, which are cell-structured, photo-sensitive semiconductors. Their successful application was demonstrated by the First G-APD Cherenkov Telescope (FACT, [42] ) which is operating since October 2011. It has proven the stable operation [43] , as well as a significant increase of the duty cycle due the resistivity to bright light [44] .
Since the electrical properties of SiPMs change with the applied voltage, the precision of the provided voltage directly transforms into the stability of these properties. In particular, the so-called over-voltage needs to be kept sufficiently stable to achieve the required gain stability. The overvoltage itself is the difference between the applied voltage and the so-called breakdown voltage. As the breakdown voltage of each sensor is temperature dependent, a regulation circuit is required. In general, their temperature coefficient depends only on the type of SiPM but not on the individual sensor. Therefore, the power supply provides the bias voltage implementing an open-loop voltage correction based on the measured temperature.
For the active part of the camera, 61 SiPM-arrays of type Hamamatsu S10943-3580X were utilized which are based on the Hamamatsu S12573-100C [30] . The S10943-3580X was an early prototype and features a special UV-transparent coating, with a peak photo detection efficiency of 35 % at 440 nm (see Fig. 3, left) . The next-generation SiPMs of type Hamamatsu S13360 [45] or SensL MicroFJ-60035 [17] feature a significant further increase of photo detection efficiency especially in the near UV and a remarkable decrease of correlated noise, such as dark counts and optical crosstalk. In particular, the enhanced photo detection efficiency improves the performance of the telescope.
Each SiPM-array is a 2 × 2 matrix of single SiPM elements, each 3 × 3 mm 2 in size with a cell-pitch of 100 µm. All four elements share the same cathode but maintain individual anodes. All elements of one SiPM-array are read-out together connected in parallel. This yields a total sensitive area of 6 × 6 mm 2 for every channel, each one coupled to one of the 61 Winston cones.
Focal plane
All SiPM-arrays are mounted on a single printed circuit board (PCB) as shown in Fig. 5 (right) . In total, the PCB holds 64 photo sensors. This includes three so-called blind pixels. These three channels are shielded from the night-sky and they are used for monitoring of the electronic noise and SiPM gain during data-taking. They are also excluded from any trigger decision.
The SiPM-to-SiPM distance on the equilateral triangular grid is 15.00 mm. The PCB is fixed to the aluminum support frame with eight metric machine screws. Since aluminum is electrically conductive, no electronic components were mounted on the top side of the PCB except for the 64 SiPM packages and 64 temperature sensors of type LMT 87 by Texas Instruments [46] directly underneath the sensors. The top side of the PCB is completely coated with solder mask and additionally isolated by a protective resin.
The bottom side of the PCB hosts passive SiPM bias voltage filters and SiPM signal decoupling. Surface mounted connectors for the SiPM bias voltages and signal output, as well as standard 2.54 mm headers for the supply and analog output of the temperature sensors are mounted on the bottom side of the PCB.
Every channel profits from passive low-resistive low-pass bias voltage filtering of the 64 SiPM bias supplies. This reduces electronic noise in the high-frequency band above approximately 30 kHz. A low-resistive RC low-pass filter design with 10 Ω and 470 nF was chosen to minimize the voltage drop introduced by the constant current drawn by the SiPMs during operation with a high background light level of the night sky. A small voltage-correction is still required under extreme conditions. This amounts to a maximum of only 1 % gain change at a 1.4 V over-voltage over the full 1.5 mA load range. In addition, every channel is de-coupled with 50 Ω resistors and 100 nF capacitors to match trace and coax cable wave-impedance. The voltage drop across the resistor leads to a maximum of 5% change of the SiPM gain over the full load range. Operation during dark nights has shown that the typical current load is approximately 100 µA making a voltage correction for the combined loss optional.
Electronics
To address the demand of a combined imaging air-Cherenkov and fluorescence telescope, the electronics were designed in a modular way. The SiPM signals are routed to two 80-pin headers on the focal-plane board. These connectors from the ERF 8 series are manufactured by Samtec Inc. [47] and offer low signal insertion losses for frequencies up to 12 GHz. A second board with mating connectors can be connected on top as an adapter connector. This PCB is application specific and groups the SiPM signals to board-to-wire connectors depending on the requested trigger layout and data acquisition system. This approach allows choosing from a variety of different data acquisition systems with different connectors whilst only re-designing the adapter board at reasonable costs. Figure 6 gives an overview over the whole system. In the following the main components of the electronics, data acquisition, trigger and power supply are described.
Data acquisition
To trigger and digitize the signals, the data acquisition system (DAQ) of the FACT project is utilized [42] . It has been developed for its 1440-pixel SiPM-based camera and is designed modularly. Here, two 36-channel modules are sufficient to read out all of the 64 SiPM channels. One module consists of three different boards (see Fig. 8 ). The first hosts the pre-amplifiers for 36 channels and generates analog sums of four groups of nine channels each. Each sum signal is clipped by a delay line shaping circuit to prevent pile-up. The shortened signal is discriminated using a comparator with a digital-to-analog converter (DAC) controlled threshold level (see Fig. 7 ).
The four discriminated signals are further processed by a mezzanine board, the trigger unit board, where the digitally programmable threshold voltages for the comparators are generated. A trigger counter for all four trigger channels and the output of the provided N-out-of-4 logic is The pre-amplified analog signals are then passed to a data acquisition board. It hosts differential amplifiers to buffer the 36 signal channels. The buffered signals are routed to four 9-channel Domino Ring Sampling chips (DRS 4, [48] ), a switched capacitor array to store the waveform in a ring buffer. The waveforms are digitized with commercial analog-to-digital converter (ADC) chips and further processed by an FPGA. Communication and data transmission takes place via a TCP/IP connection. Triggered events are tagged with an externally provided unique identifier via a RS 485 bus.
Two complete modules are plugged in a back-plane, which routes the pre-amplified analog signals from the pre-amplifier to the data acquisition boards. A more detailed description of the readout electronics can be found in [42] .
Figure 8:
Image of the data acquisition system. The backplane hosts two digitizer boards (first and third board) and two pre-amplifier boards (second and fourth board, trigger unit as mezzanine board on the back). In the front the integrated power supply on the backplane is visible.
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. 82 20 mm Figure 9 : Left: Trigger layout of the telescope camera. The eight individual trigger groups of up to nine pixels each are color-coded. Right: Adapter board used for the trigger routing.
Trigger
Accounting for the provided trigger logic, the camera is virtually divided into eight trigger groups with up to nine pixels each. A layout of the trigger geometry is shown in Fig. 9 (left). The grouping of the pixels is done on the adapter board as described above. The adapter board is shown in Fig. 9 (right) . The trigger layout has been optimized to minimize the bias caused by the geometry of airshower images and provide a minimum complexity. The chosen layout distributes the compact nine-pixel trigger patches across the camera avoiding a preferential direction. The blind pixels form a separate three-channel trigger patch which is not included in the main trigger decision.
Synchronization
Sampling and triggering of the two data acquisition modules need to be synchronized and the event tag has to be provided to them synchronously. For this purpose, the Trigger Master board has been designed (see Fig. 10 ). It provides a synchronous clock to all DRS 4 chips, implements the final trigger decision and provides the event tag via RS 485. The board hosts a Texas Instruments MSP 430 [49] micro-controller which is configurable via Ethernet implemented with a WIZnet W5500 [50] The clock for the sampling of the DRS 4 [48] is provided by a programmable oscillator chip of type Linear Technology LTC 6903, which is configured by the micro-controller. Although, the DRS 4 allows for sampling rates from 500 MS/s to 5 GS/s, a sampling rate of 2 GS/s is applied as default. The analog frequency value, which is a 2048 th of the sampling rate, is set via a corresponding Ethernet command.
The trigger condition is implemented with analog components reducing the time uncertainties due to the relatively slow micro-controller (32 MHz clock max). The trigger output of both DAQ boards are combined by a logical OR including an optional external trigger.
A veto logic is connected to the data acquisition boards where it is used to discard triggers whenever the trigger master itself or one of the data acquisition boards is busy, for example during data transmission.
A stop signal provided by the trigger master board stops writing to the ring buffer of the DRS 4 after which the readout of a predefined number of cells starts. A readout window around the trigger position is achieved by delaying the stop signal by approximately 300 ns after the trigger. To avoid jitter, the delay is implemented as a fixed delay by chaining up two Texas Instruments SN74 LVC1 G123 chips. Given a sampling rate of 2 GHz, the full pipeline depth is around 500 ns. Thus, a delay of 300 ns shifts the trigger position to about one third of the readout trace of the full buffer is readout. The trigger is routed to the DAQ boards via LVDS lines (see Fig. 10, left) .
To be able to process the triggers in the micro-controller, the analog pulse is stretched to more than 100 ns guaranteeing that its interrupt catches the transition from low to high level. Whenever an interrupt occurs, the micro-controller sends a unique event identifier string via RS 485 as broadcast to both data-acquisition boards. This unique identifier is provided in each event header to check for data consistency between two boards. The identifier contains an event counter which is later cross-checked with a provided internal event counter of each data acquisition board.
In addition, the trigger master board provides an independent RS 485 communication with the trigger unit boards to set the trigger thresholds and read their trigger counters. This RS 485 connection is implemented in the micro-controller via an independent TCP/IP socket separating commands for the controls of the data acquisition from the communication with the trigger units.
Power Supply Unit
The Power Supply Unit is an autonomously working electronic system (see Fig. 11, left) . It is a proprietary design utilizing commercially available electronic components. It consists of two modules: The main module provides the required supply voltages of the AC mains and the bias module provides and regulates the bias voltage for the SiPMs.
The main module is a transformer-based AC/DC converter unit which generates DC voltages from the AC lines of either 110 V or 230 V with 50 Hz or 60 Hz. This allows the system to operate with European and American mains. The transformers are followed by bridge-rectifiers and linear regulators. This design ensures that hardly any high-frequent noise is present on the voltage rails which is a requirement for the SiPM supplies. Two low voltage lines of +3.3 V and +5 V are used for the supply of digital and analog components of the bias supply module. The high voltage line of +73 V is used by the bias module to generate the 64 individual SiPM bias voltages. The high voltage line is current-limited to approximately 100 mA. The main module also holds a highly efficient, yet low noise AC/DC switching converter which supplies both the data-acquisition electronics (limited to 5 A on both ±5 V rails) and the trigger master board.
The bias module holds 64 digitally-controlled linear regulators that are implemented with discrete components. Every channel can be programmed with a resolution of 1 mV individually on a voltage range between 0 V and 70 V [51] . The maximal current that can be drawn by all channels is limited by the 73 V supply of the main module to 1.5 mA per channel on average. Two application modes are implemented in the micro-controller: In the first mode, the power supply acts as a constant voltage source hardly dependent on load or temperature with 0.4 mV/K stability [51] . The voltage for each channel can be programmed individually between 0 V and 70 V and the current and temperature for every channel can be read-out via Ethernet.
The second mode generates 64 individually programmable voltages with pre-determined linear dependence on the temperature. As the breakdown voltage of SiPMs is temperature-dependent (here approximately 60 mV/K), the 64 analog temperature channels are read-out automatically and a linear progression of the bias voltage is adopted. Therefore, the power supply can be configured with a positive slope composed of an unsigned integer numerator and denominator in units of DAC-counts over ADC-counts (temperature sensors) and an offset given in units of DAC counts. The time interval for the automatic progression can be configured via Ethernet.
The current is determined at the 73 V input of every regulator channel by measuring the differential voltage drop across a 1 kΩ precision shunt resistor. The voltage drop at every channel is multiplexed and digitized by the 12-bit ADC of the MSP 430. The current measurement resolution is approximately 0.6 µA (RMS) per bias channel. The value was improved over the one published in [51] of 12 µA (RMS) by the addition of ∼1 Hz low-pass filters in the current measurement circuitry. This is sufficient compared to the dark current of the SiPMs which is about 1 µA and compared to the night-sky background for dark nights which is typically 100 µA. This precise value is used to set the trigger threshold of the system. In addition, it allows to scan the I-V curves of every SiPM-pixel separately to calibrate the SiPMs in terms of breakdown voltage without the need of a DAQ. The maximum achievable Ethernet read-out rate of the power supply is approximately 10 Hz.
Every channel of the power supply system needs to be calibrated to assure that the absolute voltage and current scales are known and the resolution values from above apply to all channels. The voltage calibration was done with a professional voltmeter. Here, two parameters sufficed to calibrate the physical voltage dependence on the digitally obtained value. The channel-to-channel variation of the calibration parameters are typically in the order of a few percent. To calibrate the functional relation between the current of every channel and its digitized monitored value, a digitally controlled active load was developed. A simple linear function with two parameters was found to be sufficient to calibrate the current measurement.
Data taking

System software
The telescope is operated with software based on the FACT++ framework [42] and has been extended with modules controlling the proprietary power supply and the Trigger Master. Debugging and testing has shown that all modules could be implemented easily.
The FACT software framework is designed as service-oriented architecture. Every hardware component is linked to a specific control program running on the host computer. To simplify maintenance, the framework implements a single program for each hardware component. The control programs are implemented as state machines, responding to changes of the hardware status or to commands submitted by the user or automatically through a central JavaScript interpreter. Inter-communication between individual programs is implemented with the Distributed Information Management system (DIM, [52] ) developed at CERN. A Graphical User-Interface (GUI) allows to display quality-plots and events during operation. The FACT++ framework is described in detail in [42] .
From the original FACT software, the control program for the data acquisition hardware (fadctrl), the central data logger to store all logging output and slow control data (datalogger), the program to synchronize the actions of the different programs for individual runs (mcp) and a central JavaScript interpreter for scripting (dimserver) are used. New control programs have been implemented to control the trigger master board, communication with the trigger units to set the trigger threshold and read-out the trigger counters, and the control of the bias voltage supply. A dedicated program to calculate the trigger threshold as a function of the measured bias current for the particular system was implemented, as well as a console based user interface (see Fig. 12 ) which allows to display several control parameters, steer major functions of the system, and a text-based camera display. 
Start-up procedure
During the preparation for data taking, the hardware is configured according to the following procedure: In a first step, the DRS 4 baselines are calibrated. For this, the trigger master emits a trigger signal with a fixed rate of 80 Hz. After the calibration is done, the bias for the SiPMs can be set corresponding to the default over-voltage of 1.4 V. When the lid of the telescope is closed, a SiPM gain calibration can be performed by using the fixed rate trigger of the trigger master to record DRS 4 traces to form calibration histograms. The pulse height distribution of the dark-counts shows the excellent single photon resolution of the SiPMs. An exemplary result from a single pixel gain calibration can be seen in Fig. 13 showing a single photo electron (PE) amplitude of (3.12 ± 0.09) mV/PE.
With the lid open, the individual pixel current is obtained from the bias power supply and depending on the total current in the individual trigger patch, its trigger threshold is set such that the overall trigger rate corresponds to the value given in a configuration file, e.g. 1 Hz. The dependency of the noise trigger rate and the mean current of the trigger patches was calibrated using an isotropic light source in a distance of one focus length from the lens creating an almost homogeneous light distribution on the focal plane. Fig. 14 show noise rate scans for different thresholds and bias currents (light intensities). Once the threshold is determined and applied, it is not changed during a single run. Changes of the night-sky background and the corresponding change in current of each pixel requires to redo this procedure [53] . The observations are split into single 5 min runs with individual threshold settings. This automatic threshold adaption keeps the trigger rate stable, compensating for slow changes in the background light level e.g. from the moon or the sunrise. A typical system log is given in figure 15 showing the trigger rate, trigger thresholds and pixel currents measured during the night of the 18 th to 19 th of July 2017 in Aachen, Germany. Between and of the brightest pixels (center, gray) and trigger rate in Hz (bottom). The conditions were stable over 1.5 h except a short period of increased light from clouds. All times are UTC times.
22:30 and 23:00 clouds reflected ambient light and strong transients in the bias current are observed. As the threshold adaption algorithm is not designed to compensate for fast or local increase of the background light level the trigger rate is also increased for a short period. Overall the system is stable and takes data autonomously.
Initial performance results
During the first commissioning of the telescope, several field test were carried out in Aachen, Germany (N 50.780 820°, E 6.049 149°) between June 2017 and July 2017. Due to the surrounding buildings and street lights, the additional stray light caused high bias currents of more than 400 µA per pixel. The utilized SiPM technology allowed a successful operation at a higher threshold. The telescope and the data acquisition system were placed on a trolley with the telescope vertically orientated (see Fig. 1, right) . Many triggered events show the typical signature of air-shower events. A selected event is shown in Fig. 16 . The event was recorded on June 19 th during a clear night with no moonlight. The arrival times (Fig. 16, right) In a similar configuration the telescope was successfully operated at the HAWC site at the Sierra Negra in Mexico at a altitude of 4100 m [23] . The first results of the HAWC's Eye project will be published separately. For the IceAct project a seven pixel demonstrator was successfully operated at the South Pole during the antarctic winter 2016 and 2017 demonstrate the robustness of the design [25] . In 2018, a 61 pixel telescope was successfully commissioned at the South Pole.
Summary and Outlook
The design of a general purpose compact telescope for the detection of Cherenkov or fluorescence light from air showers has been presented. This includes a detailed description of all major components including the enclosed Fresnel lens based optic, the 61 pixel SiPM camera, data acquisition and power supply systems. Results from the first light observed in an urban area showed a stable operation. An exemplary air shower image recorded during these field-tests was presented.
In table 1, a detailed breakdown of the cost for a single telescope and an estimate for 10+ telescopes is given. The majority of the cost is driven by the focal plane including the 61 SiPMs and their Winston Cones. The second cost factor is the required electronics. This does not yet include the data acquisition as the applied system was kindly provided by the FACT collaboration. Low costs and the enclosed design makes the telescope well suited for a variety of applications such as the extension of surface detectors and the deployment of huge telescope arrays. Its application in the projects IceAct and HAWC's Eye together with IceCube and HAWC, respectively, will be a benchmark for other future applications.
Outlook The presented design is the first revision of the telescope. A series of improvements are planned or already implemented to further improve the performance, durability and cost. Using new SiPM, like the SensL J-series, will significantly improve its detection efficiency. The implementation of solid light guides featuring a much higher geometrical fill factor will further improve the light collection efficiency. In total, an increase in effective aperture, and thus the corresponding decrease of the energy threshold by a factor four, is expected without a cost increase. The power supply unit was revised saving around e 140 at the same performance. To save further on costs, the FACT data acquisition could be replaced by a solution utilizing the Target-C Application Specific Integrated Circuit (ASIC). The integrated module developed for the Cherenkov Telescope Array at costs of around e 2400 includes 64-channels and a bias regulation circuit [54] . For the next revision of the telescopes, the application of commercial power supplies is foreseen. A more compact design will allow the integration of all components in a sealed enclosure attached to the telescope allowing much shorter signal cables. This all-in-one solution then only needs power and an Ethernet connection for data readout providing a convenient setup and operation.
